In the present study, ventilation coefficient (VC) was estimated in order to understand the concentration of pollutants over the urban region of Hyderabad during [2009][2010][2011]. Nocturnal boundary layer height (BLH) was calculated using the accurate (0.2% for Refractivity Profiles) high vertical resolution global positioning system radio occultation (GPSRO), Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC)-derived one-dimensional variational (1-DVAR) refractivity profiles, and observations of boundary layer LIDAR (BLL). The statistical results revealed that the coefficient of determination (R 2 ) between LIDAR-and GPSRO-estimated BLH is 0.51, whereas that for VC is 0.68. The maximum BLH observed during the study period was maximum in the summer season and the minimum was observed in monsoon season, whereas the maximum VC was observed during summer and the minimum in winter. When the BLH and VC are low, the pollutant concentration of black carbon (BC) is higher and vice versa. This means that the dispersion of pollutants in the lower atmosphere is due to convective mixing. It was found that high VC values could dilute air pollutants whereas low values leads to more pollution.
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PUBLIC INTEREST STATEMENT
The present research is very useful to the society/ public, as nowadays the pollution levels are increasing day by day and it is useful to generate public awareness on pollution levels over metropolitan city. This kind of research is useful for policy-makers to take decision on pollution levels for taking further action. This is particularly due to the variations in physical-chemical properties of aerosols in urban regions as compared to rural/remote areas (Latha & Badarinath, 2004) . The environmental effects of atmospheric aerosols are the hot topics in global science community, and their radiative properties are one of the important parameters in assessing climate change (Houghton et al., 1996) . The atmospheric boundary layer (ABL) is the lowest part of the troposphere, where air is influenced by the earth's surface and responds to the surface forcing such as frictional drag, evapotranspiration, heat transfer, pollutant emission, and topography (Cooper & Eichinger, 1994) .
The boundary layer height (BLH) is one of the important parameter that determines the ability of pollutants to disperse and about the structure of turbulence in the boundary layer (Seibert et al., 2000) . It is also one of the crucial parameter in weather phenomena and climate models that is directly influenced by the land surface processes. The surface ABL plays a vital role in exchange of heat, momentum, moisture, as well as the pollutants transfer. It varies both in time and space from hundreds of meters to a few kilometers.
The BLH alone cannot explain about the concentrations of pollutants. Thus, it is important to obtain estimates of the ventilation coefficient (VC) for the air pollution monitoring and assessment. During the last few decades, there are many studies related to the BLH and VC in order to understand the air quality (e.g. Devara & Raj, 1993; Krishnan & Kunhikrishnan, 2004) .
Black carbon (BC) is one of the major pollutants in the urban area. It is relatively inert (Bodhaine, 1995; Hansen et al., 1989; Sciare et al., 2009) in nature due to its predominant submicron size and hence can be transported over great distances. It has a major impact not only in human health (Grahame, Klemm, & Schlesinger, 2014; Janssen et al., 2011 Janssen et al., , 2012 and visibility, but also on global and regional climate (Babu, Satheesh, & Moorthy, 2002; Drinovec et al., 2015) . Burning of biomass and fossil fuels, automobiles exhaust, forest fires are the major sources of BC (Badarinath, Kharol, Kaskaoutis, & Kambezidis, 2007) . BC and particulate matter (PM) emissions over the study region were analyzed by Mahalakshmi, Sujatha, Naidu, and Chowdary (2014) during public transport halt and they found enormous drop in BC and PM when compared to the normal days.
Concentration of the pollutants at any given location is governed by boundary layer dynamics and wind strength. In addition, local emissions (Mahalakshmi et al., 2014; Sharma, Kharol, & Badarinath, 2010 ) also contribute to the pollution levels. Hence, the quantity of dispersion of the particles depends on VC (Iyer & Raj, 2013; Mahalakshmi, Badrinath, & Naidu, 2011) . Many researchers recently observed that VC (combination of BLH and wind speed) plays a major role in the dispersion of aerosols.
) was estimated as product of the BLH and the mean wind speed (WS) in ms −1 within BLH (m) as shown in Equation (1) (Ashrafi, Shafie-Pour, & Kamalan, 2009) 
Here Z i is the BLH and U is the mean wind speed within the BLH.
The conventional approach to calculate BLH is to use the radiosonde observations that are very sparse both in space and time for the BLH and the VC calculations. It can overcome by model simulations. But, the model-simulated temperature profiles are not as good as observations (Thorne et al., 2011) . In view of the importance of these parameters, the monthly and seasonal variations in VC associated with air pollutants over the urban region of Hyderabad were analyzed in this study.
Experimental site
The continuous and synchronous measurements were made in the premises of National Remote Sensing Centre (NRSC) at Balanagar (Hyderabad) during the period from 2009 to 2011. Hyderabad is an urban city, situated at Telangana state of India. It is one of the metropolitan cities in Southern
India with a population of 6,809,970 (as per 2011 census). It has been classified as an A-1 (Categories of cities in India) in terms of development priorities, due to its size, population, and impact. The city is not only influenced by vehicular and anthropogenic, but also long-range transport of biomass burning, dust storms, and forest fire emissions.
Data-sets and methodology
Global positioning system radio occultation (GPSRO, hereafter RO), Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC)-derived 1-DVAR refractivity profiles, obtained from COSMIC Data Analysis and Archive Center (CDAAC) website: http://tacccub.gov.tw, were used for the estimation of BLH during 2009-2011. It is in operational mode since April 2006. The vertical and spatial resolutions of RO were 100 m and 300 km, respectively. The errors of RO were 0.2% between 10 and 20 km altitude for refractivity and better than 1 Kelvin for temperature in upper tropospheric-lower stratospheric region (Kursinski & Hajj, 2001; Kursinski, Hajj, Schofield, Linfield, & Hardy, 1997; Kuo et al., 2004; Neiman et al., 2008; Schreiner, Rocken, Sokolovskiy, Syndergaard, & Hunt, 2007; Sokolovskiy et al., 2006; Yunck et al., 2009) . COSMIC 1-DVAR refractive profiles collocated with LIDAR instrument (48 points) were used during the study period.
Continuous, near real-time measurements of the vertical profile of backscatter coefficient is carried out using nighttime portable Micro Pulse LIDAR (MPL) system at 532 nm fabricated by National Atmospheric Research Laboratory (Kumar, 2006) . The output pulse energy is 2-20 μJ depending on the repetition rate. It was operated at 2,500-Hz repetition rate and 10-μJ output pulse energy. The raw data profile was integrated every 10-min interval. The laser system bin width was set at 200 ns, corresponding to a height resolution of 30 m. The backscatter intensity measured by LIDAR is proportional to the signal back scattering by particles and air molecules present in the atmosphere. Further specifications of the LIDAR can be found in Kumar (2006) . Furthermore, wind speed and direction play a crucial role in the air pollutants dispersion. Thus, wind speed (WS) profile data were used in the present study associated with BLH. It was taken from radiosonde observations of National Oceanic and Atmospheric Administration (NOAA)/Earth System Research Laboratory (ESRL). The seasonal wind back trajectories ending at Hyderabad (up to 500 m) were considered in this study to understand the transportation of pollutants with the aid of Hybrid Single-Particle Lagrangian Trajectory (HYSPLIT) model (Draxler & Rolph, 2003) .
The BLH was estimated from refractivity profiles (dN/dz) of COSMIC GPSRO and the LIDAR instrument operated at Hyderabad. The refractivity profiles are differentiated with respect to the height and then minimum gradient is considered as the BLH, following Sokolovskiy et al. (2006) , Basha and Ratnam (2009) . Recent improvements in retrieval technique and instrumentation, the quality of data in the lower troposphere along with high vertical resolution leads to BLH estimates. BLH from LIDAR profiles is estimated as the minimum vertical gradient of the backscatter profiles based on the method presented by Flamant, Pelon, Flamant, and Durand (1997) was used in this study. Typical BLH estimation using LIDAR and COSMIC GPSRO respectively on 14 February 2011 was shown in Figure 1 . The BLH was 2.5 km from the LIDAR as well as COSMIC RO. Further, VC has been estimated using the BLH and WS as discussed above.
In addition, continuous and near real-time BC aerosol measurements were made with Aethalometer (AE-31 model, Magee Scientific, USA) during the study period with a time resolution of 5 min. It aspires ambient air from an altitude of 3 m above the ground using inlet tube and its pump. The instrument uses quartz fiber filter tape through which air is passed with fixed flow rate of 2.9 liter per minute (LPM). At the end of the each measurement cycle, changes in the filter transmission at seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) are recorded. BC at 880 nm channel was used in the present study since it is considered as the standard channel for BC measurement (Weigarnter et al., 2003) as other aerosol particles absorb very less and absorption at this wavelength can be attributed to BC alone. The typical uncertainties associated with the BC concentrations retrieved from the Aethalometer were around 10% as given by the manufacturer.
Results and discussion
In general, ground-based LIDAR measurements are limited in space and time. An alternative is to use remote sensing techniques. Global positioning system radio occultation (GPSRO) technique provides a very accurate and high-resolution refractivity profiles in all weather conditions Kursinski, Hajj, Leroy, & Herman, 2000; Kursinski et al., 1997; Steiner, Kirchengast, & Ladreiter, 1999; Yunck, Liu, & Ware, 2000) . As discussed in above section, RO observations provide an opportunity to calculate BLH. In view of this, LIDAR and COSMIC GPSRO estimates of BLH and VC were compared. The BLH and VC estimated using COSMIC GPSRO observations were correlated well with LIDAR estimates (Figure 2 (a) & (b) ). The coefficient of determination (R 2 ) for boundary layer height is 0.51 and for VC is 0.68.
The monthly variations of wind speed are shown in Figure 3(a) , respectively, during the period from 2009-2011 at study site. WS is observed to be high during July (southwest monsoon season) and low in January (winter season). Similarly, the monthly variations of BLH can be seen from the figures (Figure 3(b) ) with gradual rise from January to May and then sudden drop in June during the study period at urban region of Hyderabad. It was noticed that higher values in May as a result of high thermal convection processes during summer/pre-monsoon season and lower values are in July (southwest monsoon).
The monthly variations of VC are shown in Figure 3 ). The lowest value during winter is associated with low BLH and WS. It shows that the dispersion of pollutants in the lower atmosphere is due to the convection and mixing. Thus, higher the VC value leads to low pollution, and low pollution values lead to more pollution. The monthly variation of BC is shown in Figure 4 . It is obvious from the figure that low values during the monsoon season are as a result of strong westerly winds and that is air is mainly transported from cleaner marine region ( Figure 5(b) ) during the monsoon seasons with poor BC concentrations (Figure 4) . In order to understand the possible sources of high-aerosol loading during the study period, we have analyzed NOAA-HYSPLIT backward trajectories as shown in Figure 5((a)-(d) ). It was found that the concentration of BC is much higher in winter season than any other seasons due to longer residence time of particulates in the atmosphere associated with low VC. Similar results were reported earlier (Krishnan & Kunhikrishnan, 2004; Mahalakshmi et al., 2011) . Figure 6 explains about the correlation between BC concentration and VC and these both are inversely related to each other as shown in earlier studies.
Biomass burning due to either forest fires or agricultural residue burning is an important source of anthropogenic emissions in several regions of India (Badarinath, Kiran Chand, & Prasad, 2006; Badarinath, Kharol, & Sharma, 2009 ). For example, agricultural crop residues burnt in the Indo Gangetic Plains (IGP) during the months of October and November each year has significant impact (Badarinath et al., 2006; Verma, Venkataraman, & Boucher, 2008) . The long-range transport of aerosols ( Figure 5(a), (c) ) from the adjoining regions is associated with remarkable changes in the concentration of the BC aerosols (e.g. Beegum et al., 2008; Moorthy, Babu, & Satheesh, 2003 over the study region during pre-and post-monsoon seasons. The emissions from the intense forest fire activities result in higher BC aerosols over the region ( Figure 5 ). It was also reported by Badarinath et al. (2007) that each year intense forest fire activities take place in the northeast region of India during February-May with a peak in March and April.
Dispersion of pollutants is dependent upon many meteorological parameters (Collier et al., 2005) , most significant being wind speed and BLH that defines the volume of air through which the pollution is mixed. The results shows that higher VC value leads to low concentrations of BC, less pollution, whereas low values leads to more concentration of BC, more pollution. The results mentioned show that the VC significantly influences the BC concentrations.
Summary and conclusions
The highest value of VC observed was during summer compared to the other seasons. This could be due to the higher values of BLH. However, lower values of BLH and WS result in lower values of VC during winter period. The stronger winds carry the pollutants away from the region which disperses and dilute them. Pollutant particles are generally suspended up to the height of BLH. Above the boundary layer concentration of the pollutants are very less.
